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INTRODUCTION
Movement of individuals is an important component of population dynamics (Turchin, 1998) that has consequences on the spatial distribution of populations (Turchin, 1991) , as well as on the outcome of predator-prey, host-parasites and competitive interactions (Tilman and Kareiva, 1997) . Movement in benthic, intertidal species can occur through displacement on the substratum, re-suspension (Norkko et al., 2001) or active swimming in the water column (Hughes, 1988) . Diel and lunar cycles offer predictable environmental cues. Many species are affected by light and consequently show diel cycle in activity (Drolet et al., 2004) . Lunar cycles are known to influence the timing of spawning (Gaudette et al., 2006) , release of juveniles (McCurdy et al., 2000) and activity schedule of animals (Meireles and Queiroga, 2004) .
The burrowing amphipod Corophium volutator (Pallas, 1776 ) is a dominant species in the intertidal soft-sediment environments in North America and Europe (Watkin, 1942; Peer et al., 1986) . During periods of emersion and immersion, amphipods, mostly large adult males, move by crawling at the surface of the mud resulting in short displacement; this behaviour is thought to be related to mate finding (Boates and Smith, 1989; Boates et al., 1995; Lawrie and Raffaelli, 1998a) . During periods of immersion, C. volutator individuals can leave their burrows and swim in the water column (Hughes, 1988; Essink et al., 1989; Lawrie and Rafaelli, 1998b) likely resulting in longer dispersal distances. All size classes swim but small juveniles and large adults are over-represented in the water column (Hughes, 1988) . Hughes (1988) estimated that a maximum of 7% of the population swims at one time. Swimming activity in C. volutator displays cyclic variations that are related to season, lunar phase and time of the day (Holmstrom and Morgan, 1983; Hughes, 1988) . Usually, more amphipods are present in the water column when high tides occur at night, around new moon or full moon during the summer (Holmstrom and Morgan, 1983; Hughes, 1988) . However, there seems to be important geographical variation in the swimming activity of C. volutator. Hughes (1988) only recorded swimming activity at high tides occurring at night in England, whereas Holmstrom and Morgan (1983) and Hughes and Horsfall (1990) reported swimming activity during the day for different sites also in England. In contrast to other studies, Lawrie and Rafaelli (1998b) reported peaks in swimming activity occurring during the progression from spring to neap tide in the Ythan Estuary (Scotland). All these studies on swimming behaviour of C. volutator were conducted in Europe and to our knowledge swimming behaviour of C. volutator has never been studied on the coast of North America.
Given the important geographical variation in swimming of C. volutator, results from Europe would be poor predictors of swimming of North American C. volutator populations. The objectives of this study were (1) to determine whether individuals in a population of C. volutator in the upper Bay of Fundy (Canada) exhibit swimming behaviour and (2) develop a statistical model describing the numbers of C. volutator swimming in the water column over time.
MATERIALS AND METHODS

Study Site
The study was conducted on the intertidal mudflat of Pecks Cove in the upper Bay of Fundy, Canada (see Peer et al. (1986) for maps of the region). The area exhibits semi-diurnal tides with some of the highest amplitude in the world (often higher than 13 m). The mudflat is about 3.5 km wide and extends to a maximum of 1000 m from the line of high water. The entire mudflat supports a dense population of Corophium volutator with densities peaking at over 60,000 ind. m À2 . Data on diel time of high tide and tidal amplitude were obtained from the website of the Department of Fisheries and Oceans of Canada (www.waterlevels.gc.ca).
Sampling Methods
We sampled the water column using three stationary plankton nets that were free to rotate with the net opening facing the water current. The nets were deployed 1 m above the mudflat using metal posts sunk in the mud at a distance of 150 m from shore, and separated from each other by 5 m. The height of the nets was decided based on logistical constraints due to length of the nets. Preliminary trials showed comparable numbers of amphipods caught in nets set 1 m above the substrate compared to nets set 30 cm above the substrate (unpublished data). The mesh size of the nets was 180 lm, which is small enough to retain every size class of C. volutator (Crewe et al., 2001) . The nets were 45 cm long with a 20-cm diameter opening and a 9-cm diameter funnel at the exit. Matter drifting in the water was collected by a 500-ml plastic bottle that was fitted on the exit of the funnel. We cut a slit on the side of the bottles to permit water to evacuate the bottle. The slit was covered by 180-lm mesh to retain the matter.
Sampling was conducted as often as logistically possible over individual periods of immersion between 18 May and 24 August 2006. Bottles were set on the nets at low tide and recovered during the following low tide. Material retained in the bottles was preserved in 95% ethanol. The number of C. volutator was later quantified under dissecting microscope. When a large quantity of matter was collected, we used a Folsom plankton splitter to divide the samples until a reasonable amount of material was obtained. The quantity sorted ranged from the full sample for small samples to 1/64 for especially large samples.
Based on intertidal height of the nets and predicted water levels, we quantified the relationship between immersion time (h) and tidal amplitude (m): immersion time ¼ À3.2 þ 3.2 ln (tidal amplitude) (non-linear regression:
During the course of our study, immersion time varied from 2.2 to 4.9 h. We divided the number of amphipods caught per net by immersion time to obtain a rate (amphipods per hour). Although current speed may vary with tidal amplitude, we unfortunately do not have these data for our site, and so cannot convert number of amphipods caught to amphipod density (per m 3 ). To check for potential biases due to possibly varying water velocity during the lunar cycle, we regressed the residuals of the final model against tidal amplitude. If a larger amount of water filtered per unit time during spring tides is causing an increase in number of amphipods caught (rather than actual numbers swimming), then we should see an increase in residuals with increasing tidal amplitude.
Statistical Analysis
We used multiple regression analysis to describe the temporal variation in the number of swimming C. volutator caught per plankton net per hour of immersion. The model included a term for the month at which samples were collected, b 1 M t . The subscript t, used here and for other variables, refers to the time at which a sample was collected. M t was a 'dummy' variable taking the value of 0 if the sample was collected in May and 1 for the rest of the summer. We divided the spring-summer in these two periods because juvenile amphipods were absent from the population in May, but present in the other months. Furthermore, a preliminary analysis of variance indicated that the number of amphipods varied significantly with month (ANOVA: F 3,81 ¼ 8.23, P , 0.0001). Tukey's post-hoc test indicated that fewer amphipods were caught in May compared to the other months, but that the numbers did not differ significantly between June, July and August.
The model also included terms for time of day at which high tide occurred; this variable was considered cyclical and was analyzed as in a periodic regression (deBruyn and Meeuwig, 2001 ):
where h t is the angular-transformed time of high tide (time/24 h 3 2p). A significant cos h t regression represents a peak occurring at midnight or noon (depending on the sign of the coefficient), whereas a significant sin h t regression coefficient represents a peak occurring at 6:00 or 18:00 (depending on the sign). A combination of two significant coefficients represents a peak whose timing depends on the sign and amplitude of the coefficients.
Finally, the model included terms for day of the lunar calendar which was also considered cyclical:
where r t is the angular-transformed day of the lunar calendar (day/29 3 2p). A significant cos r t regression coefficient represents a peak occurring at full moon or new moon (depending on the sign), whereas a significant sin r t regression coefficient represents a peak at the first or last quarter (depending on the sign). We included the terms sin 2r t and cos 2r t because a preliminary analysis indicated that two peaks occurred during each lunar cycle (Batschelet, 1981) . A significant cos 2r t regression coefficient represents two peaks occurring at the first and last quarter, or at full and new moon (depending on the sign), whereas a significant sin 2r t regression coefficient represents two peaks occurring between new moon and the first quarter, or between full moon and the last quarter (depending on the sign).
Combinations of significant coefficients for the r t and 2r t terms permit fine-tuning of when peaks occur and how high they are. We decided not to include the interaction terms (i.e., Month Á Diel time, Month Á Lunar phase, Diel time Á Lunar phase, and Month Á Diel time Á Lunar phase) since a preliminary analysis showed that they only slightly increased the fit of the model, but made interpretation more difficult. Thus, our full model was:
where Y t is the number of C. volutator per hour of immersion at time t, l is the intercept and b's are the parameters to be estimated. The number of amphipods per net per hour of immersion was transformed using log 10 (datum þ 1) to correct for heterogeneity of variances and nonnormality of residuals. Graphical inspection of the residuals from the full model, plotted over time (the 99 days of the study), did not reveal any serial correlation. As well, there were no outliers: all residuals had an absolute value less than 3.5 standard deviations (Draper and Smith, 1998) . Collinearity of independent variables was also not a problem, as indicated by low variance inflation factors (VIF ' 1; Draper and Smith, 1998 ). An analysis with Akaike's information criterion (AIC) was used to rank the contribution of each term in the model (Burnham and Anderson, 2002) .
RESULTS
The number of Corophium volutator caught in plankton nets over one period of immersion was highly variable and ranged between 0 6 0 (mean 6 SE) to 29963 6 2095 ind. net À1 (Figs. 1 and 2 ). We found obvious differences in the number of C. volutator caught per net in relation to diel time of high tide, with higher numbers caught when high tides occurred at night; we thus plotted the values for night (high tide occurring between 21:00 and 7:00) and day separately ( Figs. 1 and 2 ). There also seemed to be a semi-lunar cycle in the number of C. volutator caught with peaks around time of full moon and new moon.
All terms were included in the final model for the number of C. volutator caught per net per hour of immersion, and were significant at a ¼ 0.05, with the exception of the cos (lunar phase) term (Table 1) . Overall, the model accurately predicted the number of swimming C. volutator per hour of immersion (F 7,234 ¼ 52.19, P , 0.0001, R 2 ¼ 0.61, Fig. 3 ). The number of swimming C. volutator was lower in May compared to the rest of the spring-summer (June, July and August). Using standard trigonometric identities and the parameters estimated (Table 1) where h t is the angular transformed diel time of high tide and r t is the angular transformed day of lunar calendar. This shows that log-transformed number of swimming C. volutator per net per hour of immersion oscillated between À0.77 and 0.77 as a function of diurnal time of high tide with a single peak at approximately 1:45 am (Fig. 4) . The log-transformed number of swimming C. volutator caught per net per hour of immersion oscillated between À0.48 and 0.48 as a function of day of lunar calendar with two peaks per cycle occurring one day after new moon and one day after full moon (Fig. 5) . Finally, the term for lunar cycle with a single peak shows that the first peak (one day after new moon) was slightly higher than the second peak (Fig. 5) . When the observed and predicted values are transformed back to number of amphipods per net per hour of immersion, rather than log 10 (datum þ 1), we can visualize the fit of the model (Fig. 6) : the timing of the peaks and the day/night variation are accurate. However, the model under-predicts the amplitude of the highest peaks.
Based on AICs, we found that the factor that explained most of the variation was Diel time of high tide, followed by Month, Moon phase with two peaks per cycle, and finally Moon phase with a single peak per cycle.
The residuals of the final model showed no relationship with tidal amplitude (linear regression; F 1,241 ¼ 0.51, P ¼ 0.48; Fig. 7 ).
DISCUSSION
We described the temporal variation (between May and August 2006) in the abundance of Corophium volutator caught in stationary plankton nets set 1 m above the substratum on the mudflat of Pecks Cove in the upper Bay of Fundy, Canada. To our knowledge, this is the first study confirming that populations of C. volutator on the coast of North America swim during periods of immersion. During peaks in activity, the number of C. volutator swimming is very high (we captured about 30,000 individuals in 20-cm diameter nets over one period of immersion). This has profound implications on our understanding of the ecology of C. volutator in the Bay of Fundy. The finding that large numbers of C. volutator swim high above the substratum, e.g., 1 m above the surface of the mudflat, reveals that large- (Pallas, 1766) caught per plankton net per hour of immersion as a function of month of sampling, diel time of high tide and lunar phase. h is the angular-transformed diel time of high tide (time/24 3 2p) and r is the angular-transformed day of lunar calendar (day/29 3 2p). The data were log 10 -transformed prior to the analysis. scale dispersal is an important process. This further suggests that areas will be recolonized rapidly following small-scale disturbance (although swimming might not be sufficient to rapidly compensate for large-scale disturbance; Shepherd and Boates, 1999 ). Although we did not quantify water velocity directly, and so did not calculate density of swimming amphipods, we are confident that our rate (amphipods caught per hour of immersion) provides a good estimation of density. This is supported by the lack of relationship between the residuals of our model and tidal amplitude (Fig. 7) . Water velocity thus would not explain any more variation not already explained by the model. Also, although peaks in swimming activity occurred during periods of new and full moon, the highest tidal amplitude did not coincide with these periods (Figs. 1 and 2 ). This again supports the idea that swimmers are denser during new and full moon, and that the observed pattern is not a consequence of stronger currents and larger amounts of water filtered by the nets. We found a significant reduction in the abundance of C. volutator swimming in the water column in May compared to June, July and August (Figs. 1 and 2 , Table 1 ). This compares well to Hughes (1988) , who reported that swimming only occurs during the summer months, and to Holmstrom and Morgan (1983) , who reported less well defined cycles of swimming activity during the winter. The reason for such seasonal variation is likely due to the demography of C. volutator. Density of C. volutator is at a minimum in May in the Bay of Fundy following suspected intense winter mortality (Partridge, 2000) . The first reproduction event usually occurs in mid to late May, resulting in a significant increase in density in early June and throughout the summer (Murdoch et al., 1986; Peer et al., 1986) . Furthermore, swimming behaviour appears size-specific, with juveniles being over-represented in the water column (Hughes, 1988; Lawrie and Rafaelli, 1998b) . In sum, the presence of high densities, skewed towards juvenile size classes on the mudflat in the summer likely explains the higher abundance of swimmers. We are currently investing spatio-temporal variation in the size structure of swimming C. volutator, as well as comparing this size structure to that of burrowed amphipods.
Similar to European studies, swimming activity at our study site is more important when high tides occur at night (Figs. 1, 2 and 4) . However, swimming also occurred during the day, which is consistent with Holmstrom and Morgan (1983) and Hughes and Horsfall (1990) , but not Hughes (1988) . Therefore, there seems to be geographical differences on the diel cycle in activity of C. volutator. Previous researchers suggested that swimming mostly at night was an adaptation to reduce predation risk (Hughes, 1988; Lawrie and Rafaelli, 1998b) , as visual predators are less efficient foragers at night (James and Heck, 1994) . However, the water in the upper Bay of Fundy is heavily loaded with sediment resulting in Secchi depth of less than 10 cm. Known predators of C. volutator in the Bay of Fundy either are shorebirds that feed on exposed mud (Hicklin and Smith, 1984) , benthic feeding fish that ingest C. volutator by swallowing sediment (McCurdy et al., 2005) or pelagic fish that rely on visual cues to locate prey (Gillmurray and Daborn, 1981) . So, it is unlikely that light intensity influences predation risk encountered by swimming C. volutator in the Bay of Fundy. Increased nocturnal swimming in C. volutator might be related to aquatic predators being less active at night or to some yet unidentified reason.
On the mudflat of Pecks Cove, C. volutator swims mostly around the time of full and new moons (Fig. 5) . This influence of the lunar cycle on the swimming activity of C. volutator was previously reported in Europe (Holmstrom and Morgan, 1983; Hughes, 1988; Lawrie and Rafaelli, 1998b) . However, the timing of the cycle appears to differ between different sites. Hughes (1988) reported peaks in activity during spring tides, whereas Lawrie and Rafaelli (1998b) reported peaks during the transition between spring to neap tide. Increased tidal amplitude around new and full moons might be the cue triggering swimming in C. volutator as proposed by Morgan (1965) .
We clearly demonstrated that swimming of C. volutator occurs in the Bay of Fundy. Based on month, diel time of high tide and day of the lunar calendar, we developed a statistical model that explains 61% of the total variation (Figs. 3 and 6) . This model will be useful in future attempts to model the spatial population dynamics of C. volutator at Pecks Cove. However, important issues remain unresolved, including the spatial variation in abundance of swimmers, the direction of swimming, the distance traveled by swimmers, the relationship between density on the mudflat and the abundance of swimmers, and finally the relationship between abundance of swimmers and density of individuals settling on the mudflats. We are currently investigating most of these questions. Similar surveys at other mudflats are required to generalize our results to the entire Bay of Fundy. In addition, we need to determine whether swimming occurs only over the mudflats or if it also occurs between different mudflats. This would determine whether mudflats should be viewed as open or closed populations of C. volutator.
